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a b s t r a c t
This paper proposes a method for efficient power control of Electric Arc Furnaces (EAFs)
based on the estimation of the instantaneous value of the flexible cable inductance. In this
method, the displacements of the graphite electrodes regulating arc voltages are controlled
using instant values of inductances at the secondary side of the EAF in three phases. For on-
line estimation of inductance values, an artificial neural network is trained, using a random
set of data obtained from an appropriate inductance simulator. The performance of the
proposed method is examined by comparing the thermal energy efficiency of a typical
EAF for two control schemes, namely, constant and varying flexible cable inductances. It
is shown that the proposed method significantly improves the efficiency with negligible
changes in harmonic generation and unbalance operation of the EAF.
© 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Electric Arc Furnaces (EAFs) have been used extensively to produce high quality steel from the rawmaterial of steel scrap.
The importance of enhancing the efficiency of EAFs has increased due to its high power consumption [1–6]. This is more
accentuated when we consider the adverse effects of EAFs on the power quality of its feeding power system. Since an EAF is
a nonstationary electric load, it can cause voltage fluctuation or flicker. It also produces current harmonics due to its highly
nonlinear behavior [4]. The unbalancy in the meltdown period is another adverse effect of such loads in a power system.
The control system of an EAF plays an important role in its efficiency by proper adjustment of the electrical, thermal and
chemical operations. From the electrical point of view, the control system regulates the arc length by displacing electrode
arms. This, in turn, causes the displacement of feeding power cables in the secondary side of the arc furnace transformer. In
addition, due to the large magnitude of the phase current during arc furnace operation, strong electromagnetic forces are
produced, causing the flexible cables to oscillate. While these moving cables are designed to be flexible for accommodating
free movement of the electrodes in the melting pot, they act as a varying three-phase inductor bank connected in series
with the arc furnace. Although the cables’ oscillations are not important in low power EAFs, in high power EAFs they play
an important role in the variation of inductance of the secondary side of the arc furnace transformer, affecting the delivered
electric power [7].
Due to the asymmetrical structure of an EAF, the calculation of its power cables’ inductances is time consuming, and
hence, cannot be used in the control system. This paper utilizes an artificial neural network (ANN) for on-line estimation of
the swinging power cables’ inductances. The network is trained using the data obtained from a simulator which is based on
a dynamic model of the cable oscillation for accurate calculation of the cables’ inductances. The network will perform as a
new block in the control system of the EAF for an on-line operation. To maximize the electric power delivered to the EAF,
the controller uses the instant value of cables’ inductances to regulate the arc length accordingly.
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Fig. 1. (a) Schematic and (b) electric circuit representations of an electric arc furnace fed by the low voltage side of a power transformer via flexible cables.
Fig. 2. Geometries of (a) a stationary and (b) a swinging power cable.
The paper is organized as follows. The theoretical model of the problem is described in Section 2. This involves the
prediction of power cables’ shape functions and inductances as well as the arc furnace current waveform. The proposed
control scheme for optimum adjustment of an EAF is outlined in Section 3. The scheme utilizes the on-line values of power
cables’ inductances and attempts to achieve an efficient EAF in terms of its economical productivity. To validate the efficiency
of the proposed control scheme, the results of a case study are discussed in Section 4.
2. Arc furnace model
The schematic of a typical EAF is shown in Fig. 1(a). A three-phase AC source supplies the required power to an arc furnace
through a step-down power transformer. Flexible power cables are used to connect the low-voltage side of the transformer
to the electrode arms of the arc furnace. The graphite electrodes that take their electrical energy through electrode arms
cause arc to establish between electrodes tip and the scrap.
The electric circuit model of the EAF is shown in Fig. 1(b). As can be seen in this figure, the feeding power system
is represented by a symmetrical three-phase voltage source (Ea, Eb and Ec) of magnitude E, frequency f , and internal
inductances of Rs,k + jXs,k (k = a, b, c). The low voltage side of arc furnace is represented by Re,k + jXe,k (k = a, b, c) that
contains the furnace transformer, flexible cables, electrode arms and graphite electrodes. The flexible cables are a series
three-phase inductor bank whose inductances Lc,k (k = a, b, c) are appropriate functions of the cables’ geometrical shapes.
The arc is represented by three dependent voltage sources.
2.1. Power cable shape function
The geometry of a power cable of length, l, in its equilibrium position is shown in Fig. 2(a). The cable is fixed between
two supporting points (i.e., Ps and Pe) separated by distance d. The flow of current, i, exerts an electromagnetic force on the
cable, causing it to swing. Assuming that the cable is sufficiently rigid, the swing of the cable can be specified by a rotation
angle, θ(t), about the line PsPe as shown in Fig. 2(b).
With reference to Fig. 2(a), the shape function of the power cable, y(x), at a given rotation angle can be obtained as
follows [8],
y = h cosh

x− d−1x2
h

+1y (1)
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Fig. 3. The structure used to calculate the mutual inductance, Mij,ik , between loop F (formed by phase i and phase j) and loop S (formed by phase i and
phase k).
where h,1x and1y can be determined from the following expressions,
h sinh
 sp
2h

= l
2 cosh

tanh−1
 y0
l
 (2)
1x = 2h tanh−1
y0
l

(3)
1y = −h cosh

sp −1x
2h

. (4)
Note that the value of h can be obtained iteratively in Eq. (2) using a regular nonlinear equation solver [9].
The cable rotation angle θ(t) can be determined by solving the following dynamic equation [10],
m l′θ¨ (t) cos(θ(t))−m l′(θ˙(t))2 sin(θ(t))+ D l′θ˙ (t) cos(θ(t)) + K l′ sin(θ(t))+mg sin(θ(t)) = Fe(i, θ(t)) (5)
wherem is the cablemass, g is the Earth’s gravity, K is the stiffness of the cable,D is the damping coefficient, l′ is the distance
between the cable center of mass, (i.e. O in Fig. 2(a)), and its rotation axis (i.e. S in Fig. 2(a)).
The total electromagnetic force on each cable in three phases, Fe,k(ik, θk), (k = a, b, c) can be determined by appropriate
segmentation of all cables. Using the Biot–Savart law together with the concept of superposition, we have,
Fe,k = µ04π

C ′k

 
k=a,b,c
iaik
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a

Ck
→
dlk ×
→
R k→R k3
 · aˆz
 cos(θ)
+

 
k=a,b,c
iaik
→dl
a

Ck
→
dlk ×
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R k→R k3
 · aˆy
 sin(θ)
 (6)
where aˆz and aˆy are, respectively, the unit vectors along the z- and y-directions, |
→
dl|k denotes a segment on cable contour
Ck in the k-th phase (k = a, b, c) carrying current ik, and |
→
dl′|krepresents a segment on cable contour C ′K in the k-th phase
(k = a, b, c) for which the electromagnetic force is calculated, and→R k is the distance between the two segments.
2.2. Power cable inductance
We use the method described in [11,12] to calculate the equivalent series inductances of the power cables associated
with phases a, b, and c , denoted by La, Lb and Lc , respectively. With reference to Fig. 1, the values of La, Lb and Lc can be
determined as follows,
La = Mab,ac = Mab,a −Mab,c (7)
Lb = Mbc,ba = Mbc,b −Mbc,a (8)
Lc = Mca,cb = Mca,c −Mca,b (9)
where Mij,ik (i = a, b, c; j = b, c , a; k = c , a, b) is the mutual inductance between loop F (formed by phase i and phase j)
and loop S (formed by phase i and phase k) as shown in Fig. 3. The value ofMij,ik can be obtained at any time by computing
the magnetic flux passing through the surface area of loop F due to a unit current flowing in phase i,Mij,i, and a unit current
flowing in reverse direction in phase k,−Mij,k, which form loop S.
Calculation of Mij,ik is often time consuming and is not practical to improve the control system of the arc furnace. Note
that the calculation process involves 3-D numerical operations due to the asymmetrical structure of the arc furnace. Thus,
an artificial neural network (ANN) is developed for on-line estimation of inductance of flexible cables. The ANN is designed
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Fig. 4. Structure of the proposed neural network.
to first estimate the values of Mij,i and Mij,k. The inductances of flexible cables in each phase are then estimated using
Eqs. (7)–(9).
A three layer feed-forward ANN (Fig. 4) is used for on-line estimation of inductance of flexible cables and electrode arms.
The ANN has 6 inputs, 6 outputs and 11 hidden neurons. The inputs include deviation angles for three phases, (i.e., θa, θb, θc)
and the positions of electrode arms for three phases, (i.e., y0,a, y0,b, y0,c) and the outputs are the magnetic flux passing
through the loop formed by phase a and phase b by the unit current flowing in each phase (i.e., ϕa,ab, ϕb,ab, ϕc,ab) and the
loop formed by phase b and phase c by the unit current flowing in each phase, ϕa,bc , ϕb,bc , ϕc,bc . It worth noting that the
transfer function of the input and hidden layers is tangent hyperbolic function and linear function is used as transfer function
of output layer. The network training is based on the Levenberg–Marquardt optimization algorithm [13]. A random set of
data, obtained from the power cable inductance simulator, is used to train the ANN. Notice that the data set is generated,
using random values for θa, θb, and θc , and y0,a, y0,b, and y0,c . Also, the Nguyen–Widrow algorithm [14] is used to evenly
distribute the active region of each neuron across the input space of a layer. In this algorithm, input-hidden weights, wijk
(j = 1, 2, . . . ,N + 1, k = 1, 2, . . . ,NH ), hidden output weights,wokp (k = 1, 2, . . . ,NH , p = 1, 2, . . . ,N), and hidden layer
biases, bk (k = 1, 2, . . . ,NH), are initialized by small random values.
2.3. Arc furnace current
To determine the arc-furnace current, the equivalent circuit shown in Fig. 1(b) is to be analyzed. The analysis of this
circuit, however, is not straight forward as the values of Lck (k = a, b, c) are not constant. In fact, they change as time passes
on. To overcome the problem, we start by assigning initial values, using the stationary shapes of the flexible cables. Their
new values of Lck (k = a, b, c) are obtained using the new shapes of the flexible cables in the following time interval,1t , as
described earlier in Section 2.2.
The proposed algorithm for predicting the arc furnace currentswaveforms is summarized in the flowchart shown in Fig. 5
and is described in the following steps.
(1) Use a standard circuit analysis technique to solve for the currents flowing through phase a, ia, phase b, ib and phase c , ic .
(2) Take ia, ib and ic in step (1) to determine the shapes of the flexible cables by numerically solving Eq. (5) for variable
θk (k = a, b, c).
(3) Take the shapes of the flexible cables in step (2) to first compute the cables’ self and mutual inductances. These are then
used to determine the equivalent series inductance Lck (k = a, b, c) of the flexible cables.
(4) Take the values of Lck (k = a, b, c) in step 3 to determine ia, ib and ic in the next time interval.
The above procedure is repeated until the final time interval is reached.
3. Arc furnace control
Fig. 6 shows the schematic diagram of the proposed arc furnace control system. A three-phase AC source supplies the
required power to an arc furnace through the flexible cables and electrode arms. The graphite electrodes that take their
electrical energy through electrode arms cause the arc to establish between electrodes tip and the scrap. Energy delivered
to scrap through the arcs is converted to thermal energy andmelts the scrap. Control system uses themeasured current and
voltage at the secondary side of the arc furnace transformer and controls the arc length to improve the EAF efficiency.
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Fig. 5. A flowchart of the proposed algorithm for predicting the arc furnace current waveforms.
Fig. 6. A schematic diagram of the arc furnace with the control system.
The electrical power converted to thermal energy is a function of the inductance of the arc furnace circuit. Furthermore,
it is also a function of the arc voltage, and hence for a specific arc voltage, the conversion of electrical energy to thermal
energy is maximum [15].
The conventional control systems assume the inductance of the secondary side of the arc furnace is constant [16] and
displace the graphite electrode to increase the electric power delivered to the arc as much as possible, and totally ignore the
effect of the inductance variation, which is occurred as a result of the oscillation of flexible cables and displacement of the
graphite electrodes.
In this paper, a control system methodology is proposed that uses the instant value of the arc furnace inductance to
regulate the arc voltage by optimal displacement of graphite electrodes, and hence maximizes the power delivered to the
arc. To maximize the amount of the electrical power converted to thermal power, the instant inductance of the flexible
cables should be calculated. The optimum positions of the electrodes in each phase are obtained based on the inductance of
the arc furnace circuit calculated at each sampling time.
Variation of the impedance of the arc furnace circuit which consists of the resistance and inductance affects the optimum
value of the arc voltage. Since the variation of the resistance of the arc furnace circuit is negligible, it is represented by a
constant resistance but the inductance of the arc furnace circuit significantly varies due to the oscillation of the flexible
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Fig. 7. A flowchart of the proposed arc furnace control scheme.
cables and displacement of the electrode arms. The flexible cable inductances in each phase are calculated by the method
mentioned in Section 2.2.
Since the arc voltage and the inductance of the low voltage side of the EAF in each phase change continuously, the
optimum arc voltage in each operating point should be chosen such that it has a value close enough to the current arc
voltage values. Hence, at each sampling time, the amount of the optimum arc voltage should be chosen based on a random
searchmethod performed, using the arc voltage values around the current operating point. The operating pointwhich causes
more conversion of electric power to thermal one is chosen as the optimum arc voltage.
Since the displacement of the scarp has a random nature, the normal distribution function is used to model the arc
voltage variation caused by the displacement of the scarp. Moreover, variations of the arc length due to the displacement of
the graphite electrode result in changes in the arc voltage. Thus, the arc voltage can be calculated as follows,
Varc,k = Varc,m,k + Varc,d,k for k = a, b, c (10)
where Varc,m,k and Varc,d,k are, respectively, the values of the arc voltage in the k-th phase due to the displacement of the
scrap and graphite electrodes. For the sake of simplicity, the value of Varc,m,kis assumed to be constant in each half cycle [3].
The arc voltage, Varc , and the length, larc , are related as follows [16],
Varc = D′larc (11)
where D′ is the discharged coefficient.
To control the arc length according to the instantaneous inductance of the low voltage side of the arc furnace, we start by
assigning initial values, using the stationary shapes of the flexible cables. The inductance of each phase is calculated using
the method described earlier (Eqs. (7)–(9)). The new values of Lck (k = a, b, c) are then obtained using the new shapes of
the flexible cables in the subsequent time interval,1t . The proposed algorithm to control the arc furnace is summarized in
the flowchart shown in Fig. 7 and is described in the following steps:
(1) Compute the cables’ self and mutual inductances. These are then used to determine the equivalent series inductance
Lck (k = a, b, c) of the flexible cables (block B in Fig. 6).
(2) Solve for ia, ib and ic using a standard circuit analysis technique.
(3) Calculate optimum values of the arc voltage for each phase according to the series inductances in this time step and
calculate optimum arc lengths using Eq. (11) (Using block C and D in Fig. 6).
(4) Calculate the displacement of graphite electrodes according to the arc length in this step, optimum value of arc length
and transfer function of controller.
(5) Take the values of the arc voltages caused by the randomdisplacement of the scrap having a normal distribution function
and the displacement of the graphite electrodes in step 4 to calculate the arc voltages for each phase in the next time
step. These are then used to solve circuit in the next time interval using Eq. (10) (step 2).
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Table 1
Parameters of the arc furnace in the stationary condition.
Rs = 0.052 m Ls = 0.00108mH
Re = 0.3366 m Le = 0.00735mH
E = 525 f = 60 Hz
Fig. 8. Performance evaluation of the developed ANN for estimation ofMij,i andMij,k (i = a, b, c; j = b, c , a; k = c , a, b), being the magnetic flux passing
through the surface area of the loop formed by phase i and phase j (Fig. 3) due to a unit current flowing in phase i and in phase k, respectively.
(6) Calculate the new shape of the flexible cables and electrode arms according to the displacement of graphite electrode
in step 4 and electromagnetic forces produced by currents ia, ib and ic . These are then used to determine the equivalent
series inductance Lck (k = a, b, c) of the flexible cables in the next time interval (step 1).
The above procedure is repeated until the final time interval is reached.
4. Results
In this section, first the validity of the power cable inductance calculator is evaluated. The performance of the proposed
method is then examined by comparing the thermal energy efficiency of a typical EAF for two control schemes, namely,
constant and varying flexible cables’ inductances. This is done by simulating current and voltage waveforms in both cases
from which the performance indices such as production efficiency and harmonic distortion will be derived. Finally, the
power quality effect of the proposed control scheme is investigated.
In all simulation results presented in this section, the parameters of the EAF circuit shown in Fig. 1 are given in
Table 1 [15,17]. These parameters are related to the stationary condition. It is also assumed that the transfer function of
the arc furnace controller for adjusting the position of graphite electrode is selected as H(s) = 11+0.3s and the discharged
coefficient D′ = 1500 V/m.
4.1. Validity of the power cable inductance calculator
In this section the performance of the ANN estimator is validated, using different sets of data from those served in the
training. For brevity, the test results for four outputs of ANN are shown in Fig. 8. The relative instant errors defined below
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Table 2
Exact and estimated values of the flexible cables’ inductances for each phase
in equilibrium position (θa = θb = θc = y0,a = y0,b = y0,c = 0).
La (µH) Lb (µH) Lc (µH)
Exact value (calculated by simulator) 7.35 7.35 7.35
Estimated value (by ANN) 7.80 7.90 7.81
Table 3
Computed thermal energy for each phase in cases A and B.
Case A (J) Case B (J)
Phase A 7.2987× 107 7.3033× 107
Phase B 7.6320× 107 7.6390× 107
Phase C 7.4044× 107 7.4215× 107
Total 22.3351× 107 22.3638× 107
Total (%) 99.87% 100%
are used as the network performance index, i.e.,
ε1(%) =
Mij,i − Mˆij,iMij,i
× 100 i = a, b, c; j = b, c, a; k = c, a, b (12)
ε2(%) =
Mij,k − Mˆij,kMij,k
× 100 i = a, b, c; j = b, c, a; k = c, a, b (13)
where Mˆij,i and Mˆij,k are, respectively, the estimated values ofMij,i andMij,k. From Fig. 8, it is deduced that the network can
properly learn the actual (computed) value ofMij,i andMij,k. In fact, the histogram shown in Fig. 8 confirms that for all sets
of test data, the relative error is as low as 5.84%. The estimated values are used to obtain the inductance of the flexible cables
in each phase as described in Section 2.2. For example, Table 2 shows the exact and estimated values of the inductance of
the flexible cable in each phase for a given test data.
4.2. Performance of the proposed control scheme
4.2.1. Control scheme with constant power cable inductance
In this case (case A), variation of the inductance at the low-voltage side of the EAF is used to calculate the current
waveform in each phase; but the controller assumes an approximate constant inductance related to the stationary condition.
In other words, the inductance of the low voltage side of the EAF remains constant from the control system point of view.
Having determined the current and voltage waveforms, one can compute the thermal energy at the EAF output during a
specified time interval. The computed thermal energy in this case for each phase as well as the total thermal energy during
4.5 s is tabulated in Table 3.
4.2.2. Control scheme with varying power cable inductance
In this case (case B), variation of inductance at the low voltage side of the EAF is taken into account when calculating
the value of current as well as the optimum value of arc voltage for each phase. Contrary to case A, the controller takes
the instant values of inductances at the low voltage side of the EAF in three phases to determine the displacements of the
graphite electrodes regulating arc voltages. Using the values of current and voltage, the thermal energy in this case for each
phase as well as the total thermal energy during 4.5 s are computed, Table 3.
A comparison of the results in cases A and B shows that considering the variation of flexible cable inductance in control
system leads to an increase in the electrical energy converted to thermal energy. The improvement in EAF thermal energy
efficiency,1η, defined below,
1η = Ecase B − Ecase A
EcaseA
× 100 = 0.128% (14)
clearly demonstrates the advantage of the proposed control scheme. In Eq. (14), Ecase A and Ecase B are the EAF output thermal
energy in cases A and B, respectively.
Despite a small value of 1η, the equivalent saving in energy consumption (cost) could be remarkable. For example, for
an EAF with the following characteristics [18],
• Hours of operation (per day): 24 h
• Productivity: 320 T/h
• Electricity consumption: 345 kWh/T
the cost saving per year amounts to 123,790 e, considering the European tariff for electricity (i.e, 0.1 e/kWh) [19].
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Fig. 9. Probability distribution functions of current (a) without proposed control scheme (b) with proposed control scheme. The 95% probability point for
each case is marked with∗ .
4.3. Power quality effect of the proposed control scheme
To evaluate the power quality effect of the proposed control scheme, we have calculated the probability distribution
function of the average value of total harmonic distortion of current, (THD)av , in three phases, i.e.,
(THD)av = (THD)a + (THD)b + (THD)c3 (15)
where (THD)k (k = a, b, c) is the total harmonic distortion of current in phase k. A quantitative comparison of these results
in cases A and B are shown in Fig. 9(a) and (b). Also shown in these figures is the 95% probability point for each case. As can
be seen in these figures, the proposed scheme does not have a significant effect on the harmonic generation of the EAF.
To evaluate the effect of the proposed control scheme on unbalanced operation of the EAF, the following unbalancy index
is used [20]:
UI(t) = S1u(t)
S+1 (t)
=

S2e1(t)− (S+1 (t))2
S+1 (t)
(16)
where S+1 and Se1 are defined as follows,
S+1 =

(P+1 )2 + (Q+1 )2 (17)
P+1 = 3V+1 I+1 cos(θ+1 ) (18)
Q+1 = 3V+1 I+1 sin(θ+1 ) (19)
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Fig. 10. Computed unbalancy index for the proposed and conventional control schemes.
S2e1 = 3Ve1Ie1 (20)
Ie1 =

I2
a1
+ I2
b1
+ I2
c1
3
(21)
Ve1 =

V 2ab1 + V 2bc1 + V 2ca1
9
(22)
where Ij1 (j = a, b, c) and Vjk1 (j, k = a, b, c) are, respectively, the frequency components of phase currents and line to line
voltage. Also, V+1 and I
+
1 are the positive sequence of the fundamental frequency of current and voltage, respectively.
Fig. 10 shows the unbalancy index for the proposed controller and the conventional controller. As shown in this figure,
there is no remarkable change in the unbalancy of these two cases.
5. Conclusions
In this paper, a novel control approach for an electric arc furnace was proposed. The effect of instant values of the
flexible cables on the performance of the furnace has been extensively investigated. Toward this end, a neural network-
based scheme was proposed that regulates the arc length based on the instant value of inductance of low voltage side of
the arc furnace resulting in regulated arc length. Simulation results showed that the proposed algorithm can remarkably
improve the power efficiency of the arc furnace. Moreover, the power quality analysis of the arc furnace showed that the
influence of the proposed algorithm on harmonic generation and unbalance operation of the arc furnace is negligible.
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